Application of performance-based design, which is promoted as a global trend that is representative of ISO2394, emphasizes the importance of evaluating structural safety based on the reliability design method. This paper describes correlation between partial safety factors and the return period of input motions for use of the reliability design method for steel rigid-frame piers. For this study, partial safety factors are calculated using a method proposed by the authors, which prepares several partial safety factors around a primary value obtained in advance from AFOSM. The correlation is confirmed by design of a steel pier to withstand local buckling against ground excitation. In addition, effects of medium and small scale earthquakes are examined according to the return period of seismic loading.
Introduction
The application of performance-based design method is promoted as a global trend that is representative of ISO2394 (ISO, 1998) . Performance-based design for structural design secures a specified level of objective performance. Performance-based design method and the limit state design method are regarded as identical design methods if the objective performance is shown as a limit state and if its performance is demonstrated by some degree of probability. Therefore, the partial safety factor design method constitutes a standard method as introduced into ISO2394.
It might be readily apparent that variations of seismic load and structural resistance influence partial safety factors in cases of examining structural design using the limit state method with partial safety factors. Especially, the seismic load value and its variation will influence partial safety factors strongly in designs intended to prevent motion during earthquakes.
The main purpose of this study is the evaluation of variation caused by seismic load and its effects on partial safety factors, given certain properties and return periods assumed as parameters. This study evaluates the seismic load probabilistically based on the premise of reliability design and verification of the correlation between partial safety factors and the return period of input earthquake motion. Moreover, safety against local buckling of a steel bridge pier during an earthquake is examined as a subject for discussion.
Design Examination Method

Target structure
In all, 35 steel rigid-frame piers were prepared for this study. Their shape data are presented in Figs. 1 and 2 . Each flange width of the rigid-frame pier is determined as described below.
in-plane flange width at column part = span length / 20 out-of-plane flange width at column part = (bridge width + bridge height) / 20 in-plane flange width at beam part = span length / 20 out-of-plane flange width at beam part = bridge width / 20
Local buckling stress and optimum section design
The steel rigid-frame pier material was assumed as rolled steel used for general structures (JIS G3101, SS400). Generally, SS400 is controlled to have as-distributed product quality of 296 N/mm 2 average yield stress with the coefficient of variation of 0.08. However, this study assumed the average yield stress of SS400 as 300 N/mm 2 . Local buckling stress ( cr ) was calculated as the average of local buckling stress ( R ) from the formula with substituted y = 300 N/mm 2 , as shown in Specifications for Highway Bridges of JRA, Part II: Steel Bridge.
Plate thickness of the steel rigid-frame pier was assumed as the design variable, and a pier with an optimum section was designed using repeated frame analysis calculations. The minimum thickness that satisfied the section verification formula (Eq. 1) of the structural members' subjected to axial force and bending moment was used as the optimum section thickness of the column. 
Therein, c denotes the axial compressive stress loading for the section to be verified, bcy and bcz respectively represent the bending compressive stress of bending moment loading for the strong axis and weak axis, eay and eaz respectively denote the allowable Euler stress for the strong axis and weak axis, and cal is the allowable stress against local buckling ( cal = cr ). 
Seismic load and return period
For earthquake hazard evaluation, the method presented by Okumura et al. (1997) was applied.
The seismicity in and around Japan was divided into three types: interplate, active fault, and random earthquake. A hypocenter model is shown in Table 1 . Attenuation of the peak ground velocity was calculated using the formula proposed by Si and Midorikawa (1999) , as shown in Eq. 2.
Plate boundary type earthquake logPGV = 0.58Mw + 0.0038D -1.29 -0.02-log(X -0.0028×10
In those equations, PGV stands for peak ground velocity (cm/s), Mw denotes the moment magnitude, D signifies the epicenter depth (km), and X is the shortest distance from the fault (km). Calculation of the peak acceleration requires the use of the lateral force coefficient
Dead load : seismic load L is the bridge width 
The earthquake hazard was calculated using the methods presented above for five cities in Japan: Sapporo, Sendai, Tokyo, Osaka, and Fukuoka. Ground predominant period of each city was assumed as 0.5 s of equivalent type II ground. The difference of the partial safety factor depending on the return period was verified for return periods of 25, 50, and 100 years. The expected values of return periods are shown in Table 2 . These values were used as the seismic load in modified seismic coefficient method. The coefficient of variation was assumed as 50% in this study because technical calculations of the coefficient of variation are difficult and initial values of the partial safety factors were prepared as uniform values.
Structural analysis
The steel rigid-frame pier was modeled with beam elements, as depicted in Fig. 3 . The beam parts were connected rigidly with the column parts. Bridge pier foundations were fixed with 6 degrees of freedom. The dead load (upper part weight W = 135.5 kN), seismic load (P quake = × upper part weight × average of peak seismic acceleration), and inertial force of the pier were applied. Subsequently, a seismic load was applied longitudinally and then transversally.
For the calculation, W is an important factor. However, only the seismic load was regarded as a stochastic quantity (variation quantity) in this study. The axial force and bending moment applied on the top and the bottom of column were calculated to verify the section.
Determination Procedure of Optimum Partial Safety Factor
Partial safety factors were calculated using a method proposed by the authors (Kajita, 2007 (Kajita, , 2009 , which is to prepare several partial safety factors around the primary value from AFOSM method in advance, and optimum partial safety factor was determined using lower-limit controlled method. A specific calculation flow is portrayed in Fig. 4 . A detailed method is described in references (Kajita, 2007 (Kajita, , 2009 ).
The probability of buckling occurring in 50 years was assumed to define the objective reliability index ( T ). Therefore, the failure probability was calculated as 0.0138 per year, and the target reliability index was calculated as 2.2. However, the failure probability was calculated as premises for the earthquake occurrence.
Combinations of the partial safety factor were defined as primary values ( , ) = (0.8, 2.5) based on references (Kajita, 2007 (Kajita, , 2009 ) as shown in Table 3 . In addition, the calculation formula of reliability index is shown below. Therein, is the resistance factor, stands for the load factor, R n is the nominal resistance, S n denotes the nominal load, R is represents the average of resistance, S signifies the average load, V R is the coefficient of variation of resistance, and V S is the coefficient of variation of the load.
Results of Verification 4.1 Verification example of reliability index
An example of results obtained for a 100-year return period is presented in this section. The probability distribution parameters in Table 4 show the variation of the reliability index. First, the reliability index which nonexceedance probability is below 10 % is 2.09 for primary value H. This value is smaller than 2.2 of the objective value. The of five cases: case C to E, I and J, as shown in Table 3 , exceed 2.2. In case I, the average reliability is 2.48, which most closely approximates the objective reliability index T = 2.2. Consequently, ( , ) = (0.8, 2.75) is shown as the optimum combination of the partial safety factor for a 40 m span.
The probability density function of the reliability index in case H and case I is presented in Fig. 5 . Comparison of case H and case I shows that the coefficients of variation of the cases are equal. The average value of case I is greater than that in case H. The result shows that case I minimizes the design of the steel rigid-frame pier below T = 2.2.
Verification in difference of seismic load
Optimum combinations of the partial safety factors in each return period are shown in Table 5 . These results show the calculated seismic reliability estimation considering the earthquake hazard in five cities in Japan. Figure 5 . PDF of the reliability index. Table 5 shows that resistance factors ( ) for all return periods have uniform value. The trend of load factors ( ) is decreasing with the return period expansion, demonstrating that the variation of the seismic load is greater than the resistance.
Regarding details of results, the resistance factor is increasing with the return period expansion in Sendai and Tokyo. The load factor for a 50-year return period is the minimum in all return periods. General trends of the partial safety factors in Sapporo and Osaka are similar, and the result for Fukuoka shows a uniform value for all return periods.
Regarding Fukuoka, the seismic load was weaker than that of other cities, as shown in Table 2. This weakness of the seismic load affects the partial safety factors in all return periods. In addition, the reason that general trends of the partial safety factors in Sendai and Tokyo become similar is that seismic loads in each return period in Sendai and Tokyo were similar.
For the verification presented above, optimum partial safety factors against the same objective reliability index will differ because of the difference in seismic hazard properties.
Conclusions
The seismic reliability of a steel rigid-frame pier was evaluated in this study for earthquake hazards in five cities in Japan: Sapporo, Sendai, Tokyo, Osaka, and Fukuoka. Results of this study were obtained as explained below.
(i) For calculation of the optimum partial safety factor of steel rigid-frame pier using the lowerlimit controlled method, several combinations showed increased safety in comparison to primary values. (ii) Results of optimum partial safety factor calculation considering the return period of seismic load generally show that resistance factors of return periods are uniform values, and that load factors are decreasing with return period expansion. However, effects of partial safety factors are not constant. Seismic loads in each return period affect the partial safety factors.
Verification of the relation between partial safety factor and return period was conducted with the occurrence of earthquakes in this study. However, structural safety is affected by the probability of the earthquake occurrence and the coefficient of variation of the seismic load. Therefore, it is necessary to consider these effects in future studies.
